Abstract. Future climate change constitutes a major threat to Earth's biodiversity. If anthropogenic greenhouse gas emissions continue unabated, 21 st century climate change is likely to exceed the natural adaptive capacity of many natural ecosystems and a large proportion of species may risk extinction. A recurrent finding is that the degree of negative impact depends strongly on the dispersal potential of the species. However, there is a growing realization that many, if not most species would be unlikely to disperse as fast and far as required. As a consequence, it has been proposed that species at risk should be actively translocated into unoccupied, but environmentally suitable areas that are likely to stay suitable over the next 100 or more years (assisted colonization or assisted migration). This solution is controversial, though, reflecting negative experiences with introduced exotics and probably also the traditional emphasis in conservation management on preserving a certain local, often historical situation with a static species composition, and a tendency among ecologists to think of biological communities as generally saturated with species. Using the European flora as a case study, we here estimate the main environmental controls of plant species richness, assess how the maximum observed species richness depends on these environmental controls, and based here on estimate how many species could at least be added to an area before further species additions would perhaps inevitably lead to corresponding losses locally. Our results suggest that there is substantial room for additional plant species across most areas of Europe, indicating that there is considerable scope for implementing assisted colonization as a proactive conservation strategy under global warming without necessarily implicating negative effects on the native flora in the areas targeted for establishment of translocated populations. Notably, our results suggest that 50% of the cells in Northern Europe, the likely target area for many translocations, could harbor at least 1/3 as many additional species as they have native species. However, we also emphasize that other, more traditional conservation strategies should also be strengthened, notably providing more space for nature and reducing nitrogen deposition to increase population resilience and facilitate unassisted colonization. Furthermore, any implementation of assisted colonization should be done cautiously, with a careful analysis on a species-by-species case.
Introduction
Anthropogenic climate change constitutes a major threat to Earth's biodiversity. If anthropogenic greenhouse gas emissions continue unabated, 21 st century climate change is likely to exceed the natural adaptive capacity of many natural ecosystems and a large proportion of species may risk extinction [1] . A large number of studies have assessed the potential consequences of 21 st century climate change for species ranges, hereunder the proportion of species risking extinction (reviewed in [1] ). These studies vary in the estimated climate sensitivities of the species studied, probably reflecting not only organismic and geographic differences, but also differences in modeling methodologies. Nevertheless, a recurrent finding is that the degree of negative impact, in terms of predicted range reduction, depends strongly on the dispersal potential of the species [2] [3] [4] [5] [6] . Typically, dispersal is modeled under two contrasting scenarios for the time period considered: "no dispersal", where species are assumed to be unable to migrate beyond their current range, and "full dispersal", where species are assumed to be able to migrate from their current range to any area that becomes environmentally suitable. The "no-dispersal" scenario generally results in predictions of much stronger range contractions and many more species at risk from extinction [2] [3] [4] [5] [6] , also cf. [7] .
The sensitivity of the climate change risk estimates to species' dispersal potential makes the latter a key concern both for basic ecology, to provide a better understanding of how fast and far species are likely to disperse, and for conservation management, to facilitate the dispersal of species to track climate change [8] [9] [10] [11] [12] . It is clear that many species are already responding to the current climate changes by migrating north-or upwards [13] [14] [15] , just as many species have responded to major past climate changes by shifting their range [16] . Nevertheless, it is also becoming clear that many species are dispersing at a slower pace than the climate is shifting [14] . Furthermore, there is increasingly strong evidence that many species have strongly dispersal-limited ranges, e.g., often still being constrained by dispersal in their postglacial range expansion from their ice age refugia [9] [10] [11] 17] . In particular, species with small ranges (often called 'endemic' species) are often constrained to areas that have functioned as long-term refugia due to consistently favorable climate conditions [18, 19] . In addition, for organism groups like trees and forest herbs empirical and model-based estimates of migration rates are also much slower than the rates needed for efficient tracking of the expected climatic shifts over the 21 st century [4, 10] . The strong fragmentation of natural habitats in many regions will additionally strengthen dispersal limitation for many species [20, 21] . In sum, there is a growing realization that (1) biodiversity losses due to climate change will be strongly exacerbated if species fail to efficiently track the shifting climate by dispersal, and (2) that many species would be highly unlikely to disperse as fast and far as required.
In response to this, several strategies for the conservation of species diversity under climate change have been proposed. The more traditional and less controversial strategies involve landscape management to facilitate species dispersal [22] and a focus on regions, notably mountainous areas, where dispersal is likely to be better able to keep track with climate change (due to strong climate gradients over short distances) [4] . However, as already discussed many species may not be able to efficiently track climate change even if such measures are extensively implemented. As a consequence, a more radical solution is increasingly being advocated, i.e., assisted colonization (or assisted migration), where species are actively translocated into unoccupied, but environmentally suitable areas that are likely to stay suitable over the next 100 or more years [4, [22] [23] [24] . This solution is controversial, though, reflecting (1) the many negative experiences with introduced exotics [24] [25] [26] , but probably also (2) the traditional emphasis in conservation management on preserving a certain local, often historical situation with a static species composition, and (3) a tendency among ecologists to think of biological communities as generally saturated with species (discussed in [27, 28] ), i.e., meaning that introducing new species would inevitably entail losses among the species already present. In addition, assisted colonization is also likely to be a rather expensive conservation strategy. The recent study by Hoegh-Guldberg et al. [24] outlines a decision framework for assessing possible species translocations on a species-by-species basis. In contrast, here we aim to elucidate the potential for assisted colonization to be implemented already under the current climatic conditions as a proactive conservation strategy in the face of the impending dramatic climate changes. The degree to which biological communities are saturated with species is crucial for the feasibility of assisted colonization as a conservation strategy. However, this is a long debated, but still scientifically unresolved issue, and we therefore base our assessment on a conservative treatment of this question. We use the European flora as a case: European plant species distributions are well documented to be influenced by climate as well as by dispersal limitation [9, 11, 29] . More specifically, we:
(1) estimate the main environmental controls of plant species richness at a 50 × 50 km scale using spatial regression modeling;
(2) assess how the maximum observed species richness (as a proxy for the potential species richness, i.e., the number of species that could coexist at this scale) depend on these environmental predictors using quantile regression [30] , i.e., conservatively accepting that environmental conditions may limit the maximum number of species that can coexist in an area, without assuming that all communities are saturated with species; (3) assess the minimum number of species that could be added to an area before further species additions might inevitably lead to corresponding losses locally. The latter is achieved by comparing the predicted maximum richness of each grid cell to the realized richness.
Materials and Methods

Species and environmental data
Species data came from Atlas Florae Europaeae (AFE; volumes 1-13), which covers ~20% of the European flora and maps species distributions on an equal-area grid with cells of ~50 × 50 km (AFE cells; [31] and http://www.fmnh.helsinki.fi/english/botany/afe/). The study area (n=2312 AFE cells) included most of Europe within 34 o N-71 o N and 11 o W-32 o E, excluding the former Soviet Union due to a relatively low and variable sampling effort in that region. Species richness across Europe was computed from the native distribution of 3069 plant species as the total number of species per AFE cell. Only species-level information was used, i.e., subspecies and varieties were merged.
As potential environmental controls we focused on climatic variables and topographic heterogeneity for two reasons: (1) these variables have been shown by previous studies to be highly important at the large scale of this study [32] [33] [34] , and (2) these variables are largely unmodifiable by conservation management, while other potential controls such as land-use and, to some extent at least, soil conditions (e.g., soil fertility or hydrology) are not and could therefore be changed to accommodate the translocated species if there was a need for it. The climatic and topographic variables considered were standard variables considered in studies 
Statistical modeling
We first estimated the main environmental controls of plant species richness in Europe using regression modeling. Multicollinearity can strongly compromise parameter and significance estimates for the individual predictors in multiple regression modeling [40] . To avoid this issue, we first assessed the main patterns of inter-correlation among the potential environmental controls by a Principal Components Analysis (PCA) on their correlation matrix [41] . Variables were then grouped according to whether they loaded strongly on PCA axes 1, 2 or 3 ( Table 1 ). To avoid multicollinearity problems, only variables from different PCA groups were allowed into the same model in the subsequent regression modeling. The spatial regression modeling was implemented using ordinary least-squares (OLS) multiple regression both without and with spatial filtering. Given the above constraint, all the 12 possible three-variable models were developed, and then compared using information-theoretic model selection using Akaike's Information Criterion [42] . However, as significant spatial autocorrelation remained in the regression residuals of the best model, we repeated the regression modeling using eigenvector-based spatial filtering [43, 44] to ensure that the model selection was not biased by spatial autocorrelation [45] . The spatial filters were generated as the eigenvectors of a Principal Coordinate Analysis of a pairwise matrix of geographic distances between all AFE cells, following the approach of Diniz-Filho and Bini [43] . Geographic distances were truncated at 1000 km [43] . The selection of spatial filters was done for the best unfiltered model, successively adding (at P<0.05) higher-order filters until spatial autocorrelation was negligible in the regression residuals (Moran's I<0.100 for the 22 default distance classes), avoiding the inclusion of filters that were highly correlated with the environmental predictors. The selected spatial filters were added to all 12 regression models, and the model selection was then re-run. In all regression models, the variance inflation factor (VIF) was <<10 for all predictors and filters, e.g., 1.6 or less for the best model with spatial filters. After having established the best predictive model for plant species richness, we then re-ran the model using quantile regression [30, 46] to establish the upper limit of observed richness given the predictor variables in the best spatial regression model. Quantile regression allows the analysis of the upper or lower limits of a variable rather than focusing on the mean as an OLS regression does. This is appropriate here as a conservative assessment of how many species could potentially coexist in an AFE cell given its environmental conditions and taking into account that many cells are likely to harbor much fewer species than they could due to historical constraints, notably postglacial dispersal limitation [9] [10] [11] 29] . Following a similar logic, Brown and Peet [46] used quantile regression to analyze controls of exotic species richness. We note that species richness may also be influenced by other factors than those modeled and long-term historical effects, notably human land use and soil, but as discussed above these factors could be modified to accommodate translocated species if necessary. Here, we fitted the 95% quantile regression model and then projected it back onto the study area to estimate the potential maximum richness per AFE cell and by subtracting the number of native species present computed the potential additional richness, i.e., the number of additional species that would be expected to be able to co-occur with the native species in a given AFE ∆AIC=AIC for a given model minus the minimum AIC value in the set of candidate models; ∆AIC=0 for the best model, while models with ∆AIC≤2 have substantial support and models with ∆AIC >10 have essentially no support.
d Interpreted as the probability that a given model is the best model in the candidate set. cell given its climatic and topographic environment. The main reason why we consider this assessment to be conservative is that we constrain the potential richness of a grid cell to close to the maximum observed within Europe for a given combination of climate and topography, while we are not aware of any strong empirical evidence that plant communities are indeed saturated with species anywhere in Europe, and especially not at a 50 × 50 km scale. As a further conservative aspect of our analysis, we modeled the 95% quantile rather than e.g. the 99% quantile. The OLS regressions and associated analyses including the PCA were all implemented in SAM 3.0 [47] , while quantile regression was implemented in R 2.8.1 [48] using the library quantreg [49] . Maps were produced in ArcGIS 9.3.
Results
The spatial regression modeling and associated model selection clearly showed that plant species richness (number of species) in Europe was mainly related to actual evapotranspiration (AET), water balance (WBAL), and topographic range (TOPO; Table 2 ). This result was robust to whether or not the modeling was done with spatial filtering, although adding the spatial filters clearly improved the regression models in terms of explanatory power (Table 2 ). According to the standardized regression coefficients, the strongest predictor was clearly AET (Table 2) . When spatial filters were included, the strength of TOPO increased to approximate that of AET, while WBAL became very weak ( Table 2 ). The 95% quantile regression modeling was done using only AET and TOPO as predictors, as WBAL turned out to be completely nonsignificant (P=0.53) in the AET+WBAL+TOPO quantile regression model. Furthermore, the fits of the two models were not different (t-test, df=1, F-value=1.20, P=0.274). The resulting 95% quantile regression model equation for species richness was: -94.4 + 0.548 AET (P<0.00001) + 31.9 TOPO (P<0.00001). The 95% quantile species richness relationships to AET and TOPO were both approximately linear (Fig. 1) . Projecting the quantile regression back onto Europe showed that the potential additional richness was on average 99.3 species (±76 SD; median=82.3 species, 25%-quartile=44.8 species) for the whole region (Fig.  2) , i.e., most cells could harbor at least an additional 45 species and many could harbor 100 or more additional species. Potential additional richness tended to be higher in Southern Europe than in Northern Europe (Fig. 2) . Nevertheless, considering only Northern Europe (≥50° latitude) potential additional richness was on average 63.2 species (±41.1 SD; median=63.7 species, 25%-quartile=33.9 species). Furthermore, if these values were recalculated in percent of the realized native richness for a given AFE cell, the median and 25%-quartile were 39.1% and 17.9% for the whole region and 33.3% and 15.5% for Northern Europe (means are not given since the percentages were highly skewed) (Fig. 2) . Hence, half the cells in Northern Europe could harbor ≥1/3 as many additional species as they have native species.
Discussion
Potential for assisted colonization
Our quantile regression results suggest that there is substantial room for additional plant species across most areas of Europe at the scale of 50 × 50 km grid cells. Hereby, our results indicate that there may be ample scope for implementing assisted colonization as an element in a proactive conservation strategy under global warming without necessarily implicating negative effects on the native flora in the areas targeted for establishment of translocated populations. As global warming is likely to force suitable climatic conditions for many species >500 km or even >1000 km towards the north or northeast, it is especially relevant that our results suggest that 50% of the cells in Northern Europe could already now harbor at least 1/3 as many additional species as they have native species. Furthermore, given the increase in maximum richness with AET ( Fig. 1) we can predict that as global warming proceeds these numbers will even increase. Of course, this interpretation hinges on the interpretation of the quantile regression results:
How much certainty can we place in our interpretation that the quantile regression predictions represent the environmentally determined potential richness of a grid cell? We do not claim that our analysis unambiguously resolves the debate on community saturation [28, 33, 34, [50] [51] [52] [53] . However, we note that the approach is already conservative in actually assuming that climate and topography sometimes do limit species richness, as theoretically it is an unresolved, controversial issue whether such limits really exist, i.e., whether communities are ever saturated with species [28, [50] [51] [52] [53] . In addition, the geographic pattern in our results provides at least some support for this interpretation. There are two clear geographic patterns in potential additional richness (Fig. 2). (1) Southern Europe appears to have many areas that are particularly poor in native species relative to their climate and topography when compared to Northern Europe. Several factors may be responsible for this pattern: (i) Human land-use effects are likely to be particularly strong in the south, where intensive land-use has the longest history and resulted in extensive environmental degradation, e.g., erosion. (ii) Southern Europe has a complex environmental history on a Pleistocene timescale, with numerous relatively small ice age refuge areas and interspersed non-refuge areas [54] . This is reflected in the current flora by strong concentrations of localized endemics in the vicinity of former refuges [54] and may cause strong richness variation beyond what can be explained by the current environment, especially since the climate would generally be conducive for higher species richness than in the north (cf. within Northern Europe, potential additional species richness is highest towards the north and west (Fig. 2) . This follows nicely the expectation if species distributions and species richness are still limited by postglacial immigration from ice age refugia in southern, south-central, and south-eastern Europe [10, 11] . Hence, these geographic patterns lend support to interpreting the quantile regression estimates of potential maximum richness as largely reflecting the number of species a given grid cell would contain given its climate and topography if historical dispersal constraints were absent (and limitations by land-use or other unrepresented environmental factors were only of minor importance).
Implementing assisted colonization as a conservation strategy under global warming
The climatic changes over the 21 st century are likely to require plant species to migrate northwards or northeastwards at ~4 km yr -1 , or under highly optimistic circumstances (the IPCC B1 scenario) ~2 km yr -1 , migration rates far exceeding the empirically observed migration rates for many plant species [4] . As a consequence, dispersal limitation is likely to become an increasingly strong constraint on the northward expansion of plant species as global warming proceeds [3, 5] . Already, there is evidence that even in mountain systems where the temperature gradient occurs over much shorter distances than in lowlands, forest plant migrations are so slow that even the moderate 20 th century warming has only been incompletely tracked [14] . As a consequence, the need and the potential for assisted colonization as part of the nature conservation strategy for Europe, and elsewhere, is likely to steadily increase as global warming proceeds. Relieving other negative pressures [24, 55] , notably by providing more space for nature and reducing nitrogen deposition, would help populations to cope with the negative effects of the changing climate. However, these strategies are unlikely to be sufficient in themselves in the face of climate change, given its expected magnitude [3, 5] . Furthermore, increasing temperature and/or drought are already now forcing local population declines in Southern Europe [14, [56] [57] [58] [59] [60] . Hence, it would be timely to now begin a concerted research effort into assisted colonization as part of a European-wide conservation strategy, especially as a proactive approach would be prudent given that the establishment of new populations may be slow and even require repeated attempts to succeed. Controversially, in North America, a volunteer organization is already now implementing assisted colonization to ensure the survival of Torreya taxifolia, a highly threatened conifer from southeastern United States that is declining dramatically in its native range, possible due to a failure to migrate to a more suitable, cooler climate in more northern areas [23] . In addition, in Europe and most likely elsewhere nurseries, gardeners and foresters are already unintentionally facilitating assisted colonization for numerous species, with commercial northern limits often exceeding natural northern limits by 500-1000 km [61] . Numerous of these species have already escaped and established naturalized populations far north of their native range as a result, e.g., Abies alba, Acer pseudoplatanus, Asarum europaeum, Eranthis hyemalis, Fagus sylvatica, Helleborus foetidus, and Juglans regia [4,9; J.-C. Svenning, pers. obs.]. However, it is important to note that these unintentional assisted colonizations may entail reduced genetic diversity and atypical genetic composition [61] and are being made without considering the potential for negative effects on the native biota.
Assisted colonization is controversial as a conservation strategy because of the numerous problems associated with invasive exotic species [25] . However, this risk can be minimized by only moving species within the same broad biogeographic region [24] as well as cautious implementation [25, 62] . Notably, a key risk for translocations within a biogeographic region is that even within such regions there are groups with allopatric ecologically vicariant species. In such cases, translocations could threaten locally native species, e.g., by hybridization and introgression as in the well-known case of Hyacinthoides non-scripta [63] . Hence, the situation for each candidate species needs to be carefully studied from both ecological and biogeographic perspectives. Nevertheless, as indicated by the present study as well as additional substantial evidence against community saturation [28, [50] [51] [52] [53] there is little reason to think that translocations in general should inevitably result in losses of native species.
Conclusion
The results of the present study suggest substantial scope for assisted colonization as a proactive conservation strategy under global warming. Notably, our results suggest that 50% of the cells in Northern Europe could harbor at least 1/3 as many additional species as they have native species. However, we also emphasize that other, more traditional conservation strategies should also be strengthened, notably providing more space for nature and reducing nitrogen deposition to increase population resilience and facilitate unassisted colonization. In fact, the success of assisted colonization as a conservation strategy is likely to also depend on reducing these non-climatic negative anthropogenic pressures on nature. Furthermore, any implementation of assisted colonization should be done cautiously, with a careful analysis on a species-byspecies case.
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